Abstract-Polycyclic aromatic hydrocarbons (PAHs) and their oxygenated derivatives (OPAHs) are ubiquitous environmental pollutants resulting from the incomplete combustion of coal and fossil fuels. Their vapor pressures are key thermodynamic data essential for modeling fate and transport within the environment. The present study involved nine PAHs containing oxygen heteroatoms, including aldehyde, carboxyl, and nitro groups, specifically 2-nitrofluorene, 9-fluorenecarboxylic acid, 2-fluorenecarboxaldehyde, 2-anthracenecarboxylic acid, 9-anthracenecarboxylic acid, 9-anthraldehyde, 1-nitropyrene, 1-pyrenecarboxaldehyde, and 1-bromo-2-naphthoic acid. The vapor pressures of these compounds, with molecular weights ranging from 194 to 251 g/mol, were measured using the isothermal Knudsen effusion technique in the temperature range of 329 to 421 K. The corresponding enthalpies of sublimation, calculated via the Clausius-Clapeyron equation, are compared to parent, nonoxygenated PAH compound data to determine the effect of the addition of these oxygen-containing heteroatoms. As expected, the addition of -CHO, -COOH, and -NO 2 groups onto these PAHs increases the enthalpy of sublimation and decreases the vapor pressure as compared to the parent PAH; the position of substitution also plays a significant role in determining the vapor pressure of these OPAHs.
INTRODUCTION
Oxygenated polycyclic aromatic hydrocarbons (OPAHs), like their parent counterparts, polycyclic aromatic hydrocarbons (PAHs), result from incomplete combustion associated with coal and other fossil fuels, wood, and municipal waste incineration [1] . Both PAHs and OPAHs were shown by Rogge et al. [2] to comprise between 3.1 and 8.6% of the total identifiable fine organic particulate matter emitted from the burning of no. 2 distillate fuel oil in an industrial scale boiler. In addition, they form through the photooxidation of PAHs through several mechanistic pathways [3] . These compounds cause a range of biological effects resulting from their ability to produce reactive oxygen species and are ultimately responsible for proinflammatory responses in respiratory cells. These compounds can induce premature aging, carcinogenesis, chronic inflammatory processes, and acute respiratory symptoms [4] .
Several studies identified oxygenated PAHs in various environmental phases. For example, Allen et al. measured seven PAH ketones, four PAH diones, one PAH dicarboxylic acid anhydride, and seven potential other OPAHs in the atmosphere in Boston, Massachusetts, USA [1] . Kallio et al. [5] collected particulate PAHs and OPAHs, using high-volume air samplers in Helsinki, Finland, that they attributed to local incineration. In another study, PAHs and OPAHs were detected beside a roadway near Munich, Germany; PAHs and OPAHs are known to exist on diesel exhaust particles [4] . Liu et al. measured PAHs and OPAHs in the atmosphere around a highly trafficked city center of Augsburg, Germany, and concluded that the majority of five-to seven-ring PAHs and four-to five-ring OPAHs existed as particulate matter, not in the ozone [6] . While these carcinogenic compounds are present in the environment in detectable quantities, few thermodynamic data are available in the literature to assist in the modeling of their fate and transport.
The ability of a compound to partition appreciably into the atmosphere is governed largely by its vapor pressure [7] . In order to describe a PAH's ability to exist in the vapor phase, basic thermodynamic data-including vapor pressures-are necessary, but for many compounds these may remain unknown. Current methods used to predict vapor pressures of these compounds cannot be applied confidently to describe PAHs containing heteroatoms; the present study aims to furnish the data necessary to permit such predictions, as well as to show key trends among substituted compounds.
The dearth of data on the vapor pressures of substituted PAHs, especially those with carboxyl, aldehyde, and nitro groups, stems from the difficulty in performing such measurements. The use of common vapor pressure measurement devices often results in the degradation of high molecular weight compounds due to the high temperatures necessary to take such measurements. This difficulty is overcome through use of the Knudsen effusion technique, which enables the indirect measurements of vapor pressures of semivolatile compounds, such as PAHs, to be taken at low to moderate temperatures.
MATERIALS AND METHODS
The Knudsen effusion technique relies upon the measurement of the escape rate of molecules of the evaporating or subliming substance through a small orifice in an effusion cell without disrupting the equilibrium state of the vessel. The Knudsen effusion technique is highly developed and widely applied [8] [9] [10] [11] . The Knudsen equation generally takes the form
where PЊ is the vapor pressure, the mass loss, t the time, A 0 the orifice area, R the universal gas constant, T the absolute temperature, M the molecular weight of the effusing species, and W 0 the Clausing factor, accounting for the resistance of flow through the cell orifice. Tabulated values of the Clausing probability factor for cylindrical and rectangular orifices are available in the literature [12] or may be calculated as described by Ribeiro da Silva, Monte, and Santos [11] . The Clausing factors used in this research ranged from 0.96 to 0.98. The primary instrumentation of our Knudsen effusion technique is the thermogravimetric apparatus, comprising a Cahn 2000 microbalance (ThermoCahn, Madison, WI, USA) with a sensitivity of 0.1 g and a 100-mg capacity in a high-vacuum chamber with a suitable oven for heating. A sample cell is suspended on one arm of the microbalance in a wire holder such that it sits inside a blackened copper tube. An Omega CN 8201 temperature controller (Stamford, CT, USA), an aluminum block oven, and an Omega resistance temperature detector comprise the temperature control system. A cold trap slightly downstream from the cell condenses the vaporized compounds, preventing them from contaminating the turbopump and maintaining a low backpressure in the thermogravimetric apparatus system. We heated the lines from the oven to the cold trap to prevent condensation of the effusing vapors on the sides of the vacuum enclosure or on the balance wire.
Temperature control and monitoring are of critical importance to the reliable measurement of vapor pressures; the vapor pressure of a given compound can vary by as much as an order of magnitude over the ambient temperature range [13] . The cell temperature is measured by an Omega type K thermocouple and read by an Omega DP41 temperature meter, accurate to Ϯ0.1 K, positioned directly above the cell opening, calibrated with a National Institute of Standards and Technology traceable thermometer (Omega). The temperature and mass are recorded simultaneously, permitting average mass loss rates over extended periods.
We fabricated the effusion cells in our laboratory using a cylindrical mold designed by Oja [14] . Each cell is cleaned through heating in a propane flame to ensure any surface impurities are removed and to darken its surfaces to improve heat transfer. The cell is sealed using a hand press to ensure the only leak in the cell is through the effusion hole. The effusion holes are made using a miniature drill press with an extremely small drill bit, resulting in holes with areas measuring approximately 0.004 to 0.006 cm 3 , measured using an optical microscope.
To verify the experimental technique, we gathered data on fluorene, anthracene, and pyrene, spanning the molecular weights of 166 to 202 g/mol, all with vapor pressures well established within the literature. These three compounds were used to calibrate the Knudsen effusion apparatus in the temperature range of 298 to 381 K and to verify estimates of the Clausing factor. We obtained good agreement with the literature values for these compounds [15] .
The PAHs and OPAHs measured were all obtained at minimum purities of 95% from Tokyo Chemical International America (Portland, OR, USA). They were loaded into individual sample cells without further purification. Before commencing data collection, we sublimed a minimum of 5% (by mass) of each compound to ensure removal of any volatile impurities. This was observed by mass spectrometer to be sufficient for obtaining pure compound results [16] . We also halted data collection with more than 5% initial total weight remaining in case there were any nonvolatile impurities present. We ran a minimum of two different sample cells for each compound to ensure reproducibility. In addition, the melting points were measured for each compound using the capillary melt technique and were well within literature-reported values for the pure compounds.
RESULTS AND DISCUSSION
Data were analyzed using the well-known Clausius-Clapeyron equation, under the assumption of constant enthalpy of sublimation over the temperature ranges measured. The vapor pressure of the pure compound, PЊ, is related to its change in enthalpy, ⌬ sub H, and entropy, ⌬ sub S, of sublimation: Table 1 summarizes the compounds used in the present study and the sublimation enthalpies and entropies obtained for each compound for their respective measured temperature ranges. A 95% confidence interval was calculated for each set of reported values via linear regression. The last column in Table  1 is the vapor pressure, extrapolated using the Clausius-Clapeyron equation (Eqn. 2) to ambient temperature, 298 K, to provide a rough sense of the relative volatilities of the compounds studied. Table 2 presents the raw vapor pressure data obtained using the Knudsen effusion technique; these data form the basis of the results in Table 1 . Figures 1 through 4 demonstrate the effect adding oxygencontaining heteroatom groups to PAHs; in each case, the vapor pressure of the parent compound decreases and enthalpy of sublimation increases upon addition. Figure 1 details the results of the addition of a brominated and/or oxygenated heteroatom group on the thermodynamics of naphthalene. The vapor pressure of 1-bromo-2-naphthoic acid is more than six orders of magnitude below that of pure naphthalene, whereas the addition of one bromine only decreases the vapor pressure by one order of magnitude [17, 18] . The enthalpy of sublimation of naphthalene increases by 7.1 kJ/mol with the addition of one bromine and increases 35.7 kJ/mol from naphthalene to 1-bromo-2-naphthoic acid. Figure  1 also presents vapor pressure data on 1-and 2-naphthylacetic acid, where the vapor pressure decreases by five and six orders of magnitude, respectively, over the parent compound, naphthalene [19] . The enthalpy of sublimation of 1-naphthylacetic acid is 53% higher than that of pure naphthalene; it is 70% higher for 2-naphthylacetic acid, alluding to the relative importance of the carbon position of the substituted heteroatom.
Figures 2 and 3 demonstrate the significant impact of a nitro group addition to fluorene and pyrene, respectively. The addition of a nitro group at the 2-carbon position of fluorene increases the enthalpy of sublimation from 88.1 Ϯ 1.9 to 114.2 Ϯ 3.0 kJ/mol. For pyrene, a nitro group substituted on the 1-carbon increases the enthalpy from 97.8 Ϯ 3.3 to 125.0 Ϯ 3.8 kJ/mol, a comparably similar increase. This trend was also noted in data measured by Ribeiro da Silva et al. [20] on the vapor pressures of 1-nitronaphthalene and 9-nitroanthracene; adding a nitro group to the former resulted in an increase of J.L. Goldfarb and E.M. Suuberg Fig. 1 . Vapor pressure of 1-bromo-2-naphthoic acid compared to parent and relevant polycyclic aromatic compounds, as measured by the Knudsen effusion technique plotted as the natural log of pressure (ln P vap ) versus reciprocal of temperature (T). Ⅵ ϭ naphthalene [17] ; ⅷ ϭ 2-bromonaphthalene [18] ; ࡗ ϭ 1-bromo-2-naphthoic acid; ᭡ ϭ 1-naphthylacetic acid [19] ; ᭝ ϭ 2-naphthylacetic acid [19] . 21.8 kJ/mol over naphthalene, while addition to the latter yielded an increase of only 16.9 kJ/mol over anthracene. Hence, their results showed slightly lower enthalpy contributions than did ours. Adding the nitro group on the 9-carbon of anthracene produced the smallest effect on enthalpy of sublimation-a 17% increase. However, the other compounds resulted in increases of 30, 28, and 30% for 2-nitrofluorene, 1-nitropyrene, and 1-nitronaphthalene, respectively. Previous studies from this laboratory indicated that for halogenated heteroatom substitution onto PAHs the position of the halogen substituted on the parent molecule does not seem to play a large role in the vapor pressure behavior [16] . However, as we see here through the anthracenecarboxylic acid structural isomers (Fig. 4) , the position of the substituted group on the parent PAH is quite significant; the vapor pressure of 2-anthracenecarboyxlic acid is almost a full order of magnitude less than that of 9-anthracenecarboyxlic acid at ambient temperature. The differences in enthalpy are also significant; we report an enthalpy of sublimation for 2-anthracenecarboyxlic acid of 134.8 Ϯ 3.4 kJ/mol, whereas for 9-anthracenecarboyxlic acid the ⌬ sub H is 120.1 Ϯ 3.8 kJ/mol. In addition, as seen through the intercept of the Clausius-Clapeyron equation, the entropy of sublimation for 2-anthracenecarboyxlic acid was calculated as 0.301 Ϯ 0.008 kJ/mol · K and for 9-anthracenecarboyxlic acid as 0.278 Ϯ 0.009 kJ/mol · K. Thus, we see a slightly larger impact on entropy of sublimation for the 2-anthracenecarboyxlic acid. From these data, we note the significance of the substituent position of the carboxyl group on the parent PAH. Further investigations into this trend are warranted to establish whether molecular symmetry (i.e., the carboxyl group on 9-anthracenecarboxylic acid sits on a center carbon of the parent, whereas for 2-anthracenecarboyxlic acid the carboxyl group sits on an end carbon) is an important determinant in a compound's vapor pressure. Many questions Table 2 . Raw vapor pressure data, P vap (in Pa), obtained for pure oxygenated polycyclic aromatic hydrocarbons as a function of temperature (T, in Kelvin), using the Knudsen effusion technique remain as to the implications for potential hydrogen bonding and/or induced dipole moments within the PAH macromolecule and its oxygenated heteroatom. Also in Table 1 , we see that the addition of a carboxyl group to fluorene at the 9-carbon position increases the enthalpy of sublimation by 21.9 kJ/mol, an increase of approximately 25%. We also see a vapor pressure depression of over four orders of magnitude, illustrated in Figure 2 . We expect this larger increase in enthalpy of sublimation due to heteroatom substitution on a smaller compound, such as fluorene, than on anthracene. to anthracene generated a slight increase in enthalpy of sublimation of 2.1 kJ/mol, with a slight decrease in entropy of sublimation of approximately 1.5%, documented in Table 1 . The end result is a shift to lower the vapor pressures, decreasing the vapor pressure by almost an order of magnitude at any temperature. The addition of an aldehyde group to fluorene, as seen in Figure 2 , has a considerably larger impact, increasing the enthalpy of sublimation by 11.9 kJ/mol while decreasing the vapor pressure by almost two orders of magnitude at 298 K. A similar impact is seen with 1-pyrenecarboxyaldehyde, where an aldehyde at the 1-carbon position increases the enthalpy of sublimation from 97.8 Ϯ 3.3 to 110.4 Ϯ 3.8 kJ/mol, an increase of almost 13%. Likewise, the vapor pressure is decreased by two orders of magnitude at 298 K, demonstrated in Figure 3 .
CONCLUSIONS
In summation, the addition of oxygen-containing heteroatoms to polycyclic aromatic compounds decreases the vapor pressure while increasing the enthalpy of sublimation. Our data show substantial increases in enthalpy with the addition of carboxyl and nitro groups to PAHs up to four rings in size, with a generally lower impact seen for the addition of an aldehyde group than for a carboxyl or nitro group. It is also evident from even this limited data that the position to which a heteroatom is substituted has a measurable impact on the vapor pressure of oxygenated polycyclic aromatics.
